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Abstract 14 
Long term exposure to organic pollutants, both inside and outside school buildings may affect 15 
children’s health and influence their learning performance. Since children spend significant 16 
amount of time in school, air quality, especially in classrooms plays a key role in determining 17 
the health risks associated with exposure at schools. Within this context, the present study 18 
investigated the ambient concentrations of Volatile Organic Compounds (VOCs) in 25 19 
primary schools in Brisbane with the aim to quantify the indoor and outdoor VOCs 20 
concentrations, identify VOCs sources and their contribution, and based on these; propose 21 
mitigation measures to reduce VOCs exposure in schools. One of the most important findings 22 
is the occurrence of indoor sources, indicated by the I/O ratio >1 in 19 schools. Principal 23 
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Component Analysis with Varimax rotation was used to identify common sources of VOCs 24 
and source contribution was calculated using an Absolute Principal Component Scores 25 
technique. The result showed that outdoor 47% of VOCs were contributed by petrol vehicle 26 
exhaust but the overall cleaning products had the highest contribution of 41% indoors 27 
followed by air fresheners and art and craft activities. These findings point to the need for a 28 
range of basic precautions during the selection, use and storage of cleaning products and 29 
materials to reduce the risk from these sources. 30 
1. Introduction 31 
Volatile Organic Compounds (VOCs) are released into the environment via natural and 32 
anthropogenic processes. They represent a major group of indoor and outdoor air pollutants; 33 
they are ubiquitous and associated with increased long term health risks. Vehicular and 34 
industrial emissions are the major sources of VOCs in outdoor air, while the indoor sources 35 
are tobacco smoke, cooking fumes, cleaning products, heating, varnishing and painting, 36 
computers, photocopiers and printers (Destaillats et al., 2008, Jia et al., 2008, Wu et al., 37 
2011). Urban air consists of different types of VOCs, many of which are classified as group 1 38 
carcinogen (e.g. benzene), potential carcinogens (e.g toluene and xylenes)  while some, 39 
including formaldehyde are classified as  known carcinogens (IARC 2006) to humans. 40 
Children are exposed at schools to pollutants from different emission sources operating both 41 
inside and outside the classroom. Indoor air quality may even be of more concern in 42 
classrooms than in other types of buildings due to a number of factors, including higher 43 
occupant density (i.e. volume of classroom and number of children), activities conducted 44 
inside the classrooms and insufficient ventilation, aggravated by the poor construction and/or 45 
maintenance of many school buildings. VOC concentration tends to be lower in the spacious 46 
and well ventilated classrooms with a low occupancy ratio (Pegas et al., 2011b). 47 
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Accumulation of pollutants is possible when doors and windows remain closed for long 48 
periods of time in order to maintain thermal comfort, especially in winter. In addition to this, 49 
children are involved in different types of art and craft activities, with the use of glue and 50 
paints that may increase the level of VOCs in the classroom as reported by Zhang et al. 51 
(2006) and Pegas et al. (2011b). Besides these, the use of cleaning and other consumer 52 
products inside the classroom are also possible sources of VOCs. If the school is located in an 53 
urban environment, the air quality can be affected by many other factors, such as the amount 54 
and type of passing traffic, distance from the road and the location of drop off and pick up 55 
areas, together with some meteorological factors, like wind direction and speed. 56 
The pollutants most commonly monitored in elementary school studies are carbon dioxide, 57 
carbon monoxide, nitrogen dioxide, particulate matter (PM10, PM2.5) and inorganic 58 
components, as well as biological agents including airborne fungi and bacteria (Meklin et al., 59 
2002, Godoi et al., 2009, Sohn et al., 2009). There have been several studies performed 60 
worldwide to assess students’ exposure to indoor particles, but very few aimed at 61 
characterizing their chemical composition, and those that did mainly focused on elemental 62 
content (e.g. Molnar et al., 2007, Stranger et al., 2008, Almeida et al., 2011, Oeder et al., 63 
2012).  64 
Due to the long term health risks associated with organic pollutants, there is increased 65 
concern about their presence in the air of schools. A study conducted by (Godwin and 66 
Batterman 2007) in 64 classrooms in Michigan, USA reported that benzene, ethylbenzene, 67 
toluene, xylene and limonere were the prevalent VOCs. (Sofuoglu et al., 2011) measured the 68 
concentrations of VOCs in classrooms, kindergartens and outdoor playgrounds of three 69 
primary schools in Turkey in different seasons and found the concentrations were higher 70 
indoors than outdoors. Ten VOCs were identified in the study conducted in three primary 71 
schools in Western Australia (Zhang et al., 2006), of which the highest concentration  was 72 
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measured in the visual art classroom. Pegas et al., 2011a, Pegas et al., 2012 investigated the 73 
pollutant (organic and inorganic) concentrations inside and outside school buildings and 74 
found the important contribution from indoor sources. In general, literature reports higher 75 
VOC concentrations indoors than outdoors. None of the above studies investigated on the 76 
sources of VOCs and their contributions .Therefore, the identification and of outdoor and 77 
indoor sources of VOCs particularly in school environment is still lacking.  78 
To address this gap in knowledge, the following aims were established for this study: 1) to 79 
conduct comprehensive measurements of VOCs in indoor and outdoor air of representative 80 
number of urban primary schools; 2) to quantify the relationship between indoor and outdoor 81 
VOCs concentrations; 3) to identify the VOCs sources and activities contributing to these 82 
sources in urban schools and 4) to identify the optimal scenarios for reduction of VOCs 83 
exposure to children at schools. This study is a part of larger project called “The Effect of 84 
Ultrafine Particles from Traffic Emissions on Children’s Health (UPTECH),” which seeks to 85 
determine the effect of exposure to traffic generated ultrafine particles and organic pollutants 86 
in schools. The complete study design is available online 87 
(http://www.ilaqh.qut.edu.au/Misc/UPTECH%20Home.htm). 88 
2. Experimental Section/Material and Methods 89 
2.1 Study Location 90 
Brisbane, the capital city of the State of Queensland, is located along the South-East coast of 91 
the state and is the third most populated city in Australia, with  population more than 2 92 
million (ABS, 2011). Although the city lies on either side of the Brisbane River, on a low 93 
lying flood plain, it is surrounded by hills, some of which reach 300m in height. The major 94 
air pollution sources in Brisbane include, vehicle emissions, controlled and uncontrolled 95 
biomass burning in the vicinity of the city and a limited number of industrial activities, such 96 
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as a power station, oil refineries, the airport, port and a brewery (Morawska et al., 2002). 97 
Brisbane has a subtropical climate, with a hot and humid summer (mean temperature 25° C) 98 
and a dry, moderately warm winter (mean temperature 15° C), with an average diurnal 99 
temperature variation around 9 - 10° C.  100 
2.2 Study Design 101 
2.2.1 School selection and location 102 
The 25 state schools selected for this study, coded as S01 to S25, were from a range of 103 
different suburbs in the Brisbane Metropolitan Area. The schools were randomly selected but 104 
they need to meet several selection criteria, which were: (i) no major pollution sources near 105 
the schools other than traffic; (ii) not close to any large infrastructure project, such as a major 106 
road, tunnel or building construction; and (iii) naturally ventilated classrooms used by 8-11 107 
year old children. The general characteristics of each school are described in the 108 
Supplementary Table S1. 109 
2.2.2 Sampling period and sites 110 
The field measurements were conducted throughout the year, from October 2010 until 111 
August 2012, except on school holidays. There were two sampling sites for VOCs at each 112 
school - one outdoor and one indoor. The outdoor site was chosen in a central location within 113 
the school grounds, which was assumed to represent the air quality within the school as best 114 
as possible. The indoor site was a classroom used by 8-11 year old children. All of the 115 
classrooms were naturally ventilated via doors and windows, with an occasional use of a fan 116 
or local air conditioning systems, which were not operated during the measurements. Doors 117 
and windows were usually closed while doing indoor measurements. Children were involved 118 
in different activities inside the classroom, including painting, art and craft. 119 
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2.3 Sample Collection and Analytical Methods 120 
VOCs samples were collected using active sampling procedure by a portable VOC pump. 121 
The flow rate was set to 150 mL/min. The measurements were taken at the height of 1.5 m 122 
from the ground. Stainless steel desorption tubes filled with Tenax TA ((20/35 and 60/80 123 
mesh; 300mg) were used indoors to prevent terpenes and aldehydes from analytical losses. 124 
To avoid artefacts (due to reactive gases like ozone or NOx) tubes were filled with carbotrap 125 
(20/40 mesh; 300 mg) for outdoor measurements. Air samples were collected between 7 am 126 
and 5 pm, each day (outdoor: 9:00 am, 9:45am, 1:10 pm, 1:55 pm; indoor: 7:00 am, 7:45 am, 127 
3:00 pm, 3:45 pm) in each school. Several sampling periods, including before the start of 128 
class, during school and after school hours was chosen. There were no students and teachers 129 
inside the classroom during the indoor measurements. Once the sampling was completed, the 130 
tubes were made air tight using screw caps, placed in a ziplock plastic bag and sent to 131 
Fraunhofer WKI, Braunschweig, Germany for analysis. 132 
 Laboratory analysis of all sorbent tubes was performed via thermal desorption/gas 133 
chromatography, coupled with mass spectrometry (TD-GC/MS), according to DIN ISO 134 
16000-6. An Agilent 7890/5975 GC/MS system equipped with a Markes TD 100 thermal 135 
desorber was used and the compounds were separated on a HP-5MS column (60m x 0.25 136 
mm, 0.25 μm). Further details of the GC/MS system are provided in Supplementary Table 137 
S2. 138 
Identification was based on a probability-based matching (PBM) library search (McLafferty 139 
and Turecek, 1993). Mass spectra and retention data were compared with those of measured 140 
reference substances. All identified compounds were quantified using internal and external 141 
standards against original reference substances. The calibration was made using the external 142 
standards (containing 200 compounds commonly found in air samples). For the substances 143 
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that were not covered by mixed standards, single standards for external standardisation were 144 
prepared and updated the database. So, the target compounds were calibrated before the 145 
sample analyses. Quantification with toluene- equivalent method was only done if no 146 
reference standard was available. Internal standards were also continuously used. Standard 147 
were measured every three weeks and on demand. For the calibration, the linear regression 148 
model was used (Massold et al., 2005). In all cases the limit of detection was < 1 μg m-3. 149 
2.4 Data Analysis 150 
The geometric mean and standard deviation of the ambient concentration of individual VOCs 151 
as well as total VOCs for all samples were calculated using Microsoft Excel 2007. All of the 152 
concentration values were blank corrected. The average total VOCs were plotted in a bar 153 
diagram against each sampling site, in order to compare indoor and outdoor concentrations 154 
(Fig 2). The I/O ratio for each sampling site was used in further analysis, in order to 155 
determine the VOCs sources. Traffic density was calculated using five minute averaging 156 
intervals. Average traffic count per hour was calculated in all sites for sampling period. 157 
Principal Component Analysis (PCA) with Varimax rotation was applied to the VOC 158 
concentration data to identify the VOC sources. Absolute Principal Component Score 159 
(APCS) technique was used to quantify the source contribution. The detailed description of 160 
PCA-APCS method was followed as given by (Guo et al., 2004a).  IBM SPSS (version 21) 161 
was used for the PCA –APCS analysis. Before applying PCA to the VOC data, individual 162 
samples were inspected for their percentage of occurrence in all schools. VOCs with 20% or 163 
less detection  rates in the samples were not included in the analysis and absolute coefficients 164 
less than 0.50 have been omitted from the Tables to facilitate source identification. The 165 
missing values and values below the detection limit were replaced by the geometric mean and 166 
half of method detection limit, respectively. 167 
8 
 
1. Results and Discussion 168 
3.1 Meteorological Conditions 169 
The average temperature and relative humidity for each school during the measurement 170 
period (i.e. from 7 am to 5 pm over 4 days of sampling) are included in Table S3. Sampling at 171 
11 schools was completed during the summer (November to April), with an average 172 
temperature of 24 °C, while Sampling at 14 schools was done in winter (May to October), 173 
with an average temperature of 16-18° C. Since Brisbane has a subtropical climate, there was 174 
a relatively small difference in summer and winter temperatures. The average humidity 175 
varied from 30-71%. The wind direction data were used to prepare wind rose plots for the 176 
entire sampling period at each school to identify the prominent wind direction either from 177 
school to road or road to school. 178 
3.2 Composition of air samples 179 
More than 70 VOCs including very few Very Volatile Organic Compounds (VVOC) and 180 
Semi volatile organic compounds (SVOC) were identified in the air samples collected at the 181 
25 schools. Those compounds were separated into different groups according to their 182 
chemical structure namely aliphatic hydrocarbons, aromatic hydrocarbons, aldehyde and 183 
ketones, terpenes, cyclo- aliphatics, alcohols, halogenated hydrocarbons, organic acid and 184 
esters. The detailed composition of compounds within each group is provided in 185 
Supplementary Table S4. Overall, more VOCs were identified in indoor than outdoor air 186 
samples. 187 
3.3 Ambient concentration of total VOCs and I/O ratios 188 
This section presents the indoor and outdoor concentrations of total VOCs (sum of all the 189 
quantified VOCs ranging from C6- C16), as well as I/O ratios and comparison with other 190 
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studies. In general, the total indoor VOCs concentrations were found to be higher than 191 
outdoor concentration, with only five schools having higher outdoor concentrations as can be 192 
seen in Figure 1. The geometric mean concentrations for indoor and outdoor total VOCs for 193 
all schools were 125μg/m3 and 71μg/m3 respectively. The range for total VOCs was (8-194 
1070μg/m3) indoors and (3-826μg/m3) outdoors. In addition to this, individual concentrations 195 
of the most common compounds and their I/O ratios are presented in boxplots in 196 
Supplementary figure S5. 197 
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Figure 1.  Total VOCs (geometric mean, μg/m3 ) for each school. Error bar represents the std. 199 
deviation 200 
Figure 2 presents a comparison between the total VOCs concentrations identified in this 201 
study and those reported in literature. It can be seen that the total VOC concentrations 202 
measured in this study were either similar or higher than the studies performed in other 203 
countries, but significantly lower indoors than those measured in South Korea. In the later 204 
study the samples were collected from schools that had been recently renovated and 205 
reconstructed. 206 
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Figure 2. Average VOCs concentration at different locations (Michigan:(Godwin and 208 
Batterman 2007);Minnesota:(Adgate et al., 2004);Malmo:(Willers et al., 1996);Turkey: 209 
(Sofuoglu et al., 2011);Korea: (Yang et al., 2009); Sweden:(Smedje et al., 1997) 210 
In addition to the studies  included in figure 3, Pegas et al, 2011a, 2012b) reported the range 211 
for total VOCs (μg/m3 ) in different seasons in schools as (a) Indoor: 37-317 in Spring, 11-212 
922 in autumn, 84-2175 in winter (b) outdoor: 6-18 in spring, 5-50 in autumn, 7-22 in winter. 213 
Similarly, Sofuoglu et al., 2011 showed the comparison between outdoor playground and 214 
classrooms concentrations in their study (Classroom: 27 in fall, 111 in winter, 66 in spring; 215 
Outdoor playground: 22 in fall, 41 in winter, 24 in spring). Although, season was not taken 216 
into consideration in our study, the overall trend was similar to other studies showing that in 217 
all seasons indoor levels were higher than outdoor. 218 
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The I/O ratio is generally used to infer penetration of pollutants into the indoor environment 219 
through doors and windows as well as the presence of indoor sources (Tang et al., 2005). A 220 
ratio less than or close to one indicates significant outdoor source contribution (Edwards et 221 
al., 2001). The geometric mean concentration of total VOCs was used to calculate I/O ratios, 222 
which were found to be >1 in the majority (i.e. 19) of the schools studied as can be seen in 223 
figure 3, which implies that, in addition to outdoor sources, there were dominant indoor 224 
sources in these schools. 225 
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Figure 3. Indoor/Outdoor ratio (in increasing order) of total VOCs for each school 227 
Only five schools (S02, S05, S08, S18 and S19) had I/O ratios <1, which shows that outdoor 228 
VOC concentrations were higher than indoor, and implying that outdoor sources had 229 
dominant contribution. This can be explained by the combination of the important factors: 230 
wind and traffic during school hour as well as the level of indoor emissions. In S02, S05 and 231 
S08 the wind direction was predominantly from the road to school and the number of 232 
vehicles passing per hour was also higher i.e. 1418, 1096 and 1106, respectively; this 233 
accounted for the high outdoor concentrations. S19 had comparatively high traffic count 234 
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(1609) though the wind direction was from the school to the road whereas S18 had very low 235 
traffic count (92 vehicles/hr) and the wind direction was also from the school to the road. 236 
These two factors cannot explain the low value of I/O ratio in these schools.  237 
 It can also be seen from figure 4 that I/O ratio in seven schools (S16, S23, S09, S17, S13, 238 
S12 and S11) was very high indicating dominant indoor sources. There were evidences found 239 
inside the classroom during the measurements in these schools such as in S09 classroom was 240 
newly painted because the school was flooded, some renovation was done recently in S11. 241 
Similarly, there were much paperwork activities done by the students hanging on the wall, 242 
windows, over desk and benches in S12 and S13. There was a sink inside the classroom in 243 
S17 where the use cleaning liquids, soaps was very common. During the measurements in 244 
S16 and S23, cleaners were wiping desk, table using the spray. These local evidences support 245 
for the high concentration indoors in these schools. 246 
3.4 Source Identification 247 
Source identification of indoor and outdoor VOC concentrations was carried out using the 248 
PCA method. 249 
3.4.1 Outdoor VOCs 250 
As explained in the data analysis section, out of the 48 outdoor VOCs identified, the 16 251 
species which were the most abundant compounds in the atmosphere were selected for 252 
further analysis. The PCA anysis was carried out twice for outdoor data in order to see the 253 
changes made by including and excluding S03 but the results were very similar therefore the 254 
results with S03 were mentioned here. Five components/factors were extracted from the 255 
application of PCA to the data. The rotated component matrix for outdoor VOCs is presented 256 
in Table 1. Varimax rotation with Kaiser Normalisation was applied to determine the 257 
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appropriate number of factors to be retained (i.e. only factors with an eigenvalue >1) (Kaiser, 258 
1958). Marker compounds for specific sources were determined based on published chemical 259 
composition profiles (Vega-Baudrit et al., 2007, Shinohara et al., 2009, Kim et al., 2010, 260 
Yrieix et al., 2010, and Yuan et al., 2010) as well as some prior knowledge regarding the 261 
sources of VOC species.  The five components in Table S6 of Supplementary Information 262 
represent the following source categories: 1. Petrol vehicle exhaust; 2. Fuel evaporation 263 
(petrol and diesel); 3. Industrial sources; 4. Solvent usage; and 5. Photochemical process. 264 
Altogether, 84% of data variability was explained by these five factors. 265 
The characteristics of the five factors representing the five source categories for the data are 266 
summarized in Table 2. 267 
Table 1: PCA Analysis of outdoor VOCs  268 
Factor sources Major compounds Comments/References 
1 Petrol Vehicle 
Exhaust 
2- methyl hexane, 3-
methyl hexane, 
methylcyclohexane, 
heptanes, 2- methyl 
butane,  toluene 
(Liu et al., 2008a), (Han and Naeher 2006) 
reported similar compounds from petrol vehicle 
exhaust. 
2 Fuel evaporation 
(petrol and diesel) 
2- methyl pentane, 3- 
methyl pentane , 
hexane, pentane 
(Geng et al., 2010) suggested that  these alkanes 
are also emitted from fuel evaporation (petrol, 
LPG/NG and diesel). (Morikawa et al., 1998) 
reported  pentane as a tracer of petrol evaporation. 
3 Industrial sources  xylenes(m,-p-
,xylene),benzene 
benzaldehyde 
(Liu et al., 2008b), (Guo et al., 2004a) reported 
similar  results  in their research. 
4 Solvent usage o-xylene (Guo et al., 2004a) found that o- xylene is one of 
the constituents of paints and have also been 
associated with solvent use. 
5 Photochemical 
process  
Acetone (Atkinson 2000, Vlasenko et al., 2009) mentioned 
that acetone is released as a secondary product  
and has a long residence time in atmosphere. 
 The contribution from each of the outdoor sources are described in section 3.4 while the 269 
detailed descripton of each factors are included in S7 of supplementary information.  270 
3.4.2 Indoor VOCs 271 
14 
 
PCA was applied to indoor VOC data in the same way as the outdoor data. Twenty two out of 272 
the 60 measured VOCs were selected for the PCA analysis. Seven components were 273 
extracted from the application of PCA to the indoor data (Table S8). Again, Kaiser’s criteria 274 
were adopted to identify the appropriate number of factors to be retained (with only factors 275 
having eigenvalues >1 retained) (Kaiser 1958).Altogether seven factors, representing seven 276 
different source categories, were identified, namely: 1. Outdoor traffic emissions; 2. Off-277 
gassing of building materials and stationaries; 3. Decorating materials and computers, 278 
printers; 4.Personal care products; 5. Art and craft activities; 6. air fresheners; and 7. 279 
Cleaning products. All of these factors explained 88% of total data variance. 280 
The characteristics of the seven source categories obtained from the indoor dataset are 281 
summarized in Table 2. 282 
Table 2: PCA analysis of indoor VOCs 283 
Factor Sources Major compounds Comments/References 
1 Outdoor 
Traffic 
Emissions 
2- methyl butane, 2- methyl 
pentane, 3- methyl pentane, 
hexane, 3- methyl hexane, 
heptanes, toluene 
The outdoor concentrations of these 
compounds were much higher than 
indoor and the I/O ratio for these 
compounds varied from 0.1-0.5, so they 
could have penetrated inside from 
outdoor air. 
2 Off- gassing of 
building 
materials and 
stationaries 
α- pinene, benzaldehyde, m-, 
p-,o-xylene,  
 (Weisel et al., 2005, Hodgson et al., 
2000) reported the emission of α- 
pinene from plywood. DSEWPC, 2001 
mentioned xylenes as a major solvent in 
pens/inks and coatings 
3 Decorating 
materials and 
computers, 
printers 
2-ethyl 1-hexanol, phenol,n-
nonanal, styrene 
Edwards et al., 2001) reported a similar 
result in their study of VOCs in Finland. 
(Kagi et al., 2007) reported that styrene 
is produced indoor air from printers, 
computers 
4  Personal care 
products 
Acetone, siloxane  (Bernstein et al., 2008) reported that 
siloxanes are widely used in personal 
care products. Acetone is also used as 
one of the ingredients in such products. 
 
 
5  Art and craft 
activities 
Acetic acid  (Colak and Colakoglu 2004) found that 
wood based materials elevated the 
level of acetic acid. 
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6 Air fresheners  Decanal (Pluschke 2004, Fukuda et al., 2010) 
reported decanal as one of the 
compounds in air fresheners. 
7 Cleaning 
products 
Limonene (Nazaroff and Weschler 2004) reported 
limonene as an active ingredient in 
cleaning products. 
 The source contribution from each factor is mentioned in the following section while the 284 
detailed description of these indoor sources is included in S9 of the Supplementary 285 
information. 286 
The main purpose of the PCA was to reduce the number of inter- related variables in the 287 
original data to fewer number of factors, which are orthogonal to each other. The first factor 288 
accounts for the highest variability in the data and subsequent factors account for 289 
progressively less amount of data variance. As it is a qualitative analysis, it provides the 290 
variance and pattern in the data set but the results of it cannot be used directly for source 291 
contribution. For e.g. 29% of the data variance was explained by the first factor i.e. outdoor 292 
traffic emissions in indoor VOC, but that doesn’t mean that it will have a comparable 293 
contribution to the indoor VOC concentration. High variance was due to the big differences 294 
in the concentration values of the VOCs associated with factor 1. 295 
Therefore, the results of PCA were subjected to a receptor modeling approach Absolute 296 
Principal Component Scores (APCS) that is based on multiple linear regressions which gives 297 
the quantitative estimates of source contributions and profiles associated with each factor by 298 
calculating absolute principal component scores and then regressing the total VOCs 299 
concentrations on these scores (Thurston and Spengler 1985). 300 
 301 
3.5 Source Contribution  302 
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Figure 4: Source contribution of each source to the total VOCs concentrations indoor and 304 
outdoor        305 
The mass contribution of each source to the total ambient VOCs concentration in indoor and 306 
outdoor air was estimated as shown in Figure 4. It was found that 41% of indoor VOCs 307 
concentrations in schools were attributed to the cleaning products followed by air fresheners 308 
(23%) and art and craft activities (21%) while the rest were caused by personal care products 309 
(5%), (most likely sunscreen, body powder/lotion, shampoo, hair oil), decorating materials 310 
and computers, printers (5%), offgasing of building materials and stationeries (3%) and 311 
outdoor traffic emissions (2%). The highest contribution of cleaning products and air 312 
fresheners was likely due to the fact  cleaning of the classrooms and materials inside is the 313 
important and regular (twice a day) activity in schools that aims to promote hygiene and 314 
preserving materials. The level of limonene was found below the reference value of 450 315 
μg/m3 (JRC, 2005) for schools, therefore the cleaning products themselves are not expected 316 
to be a significant health risk. However, secondary organic aerosols may be formed by the 317 
reaction of limonene, with the hazard they create unknown. 318 
About 70% of outdoor VOCs concentrations were attributed to traffic i.e petrol vehicle 319 
exhaust and fuel evaporation. Other sources such as industrial source, solvent usage and 320 
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photochemical process contributed 26%, <1% and 3% respectively. (Guo et al., 2004a) also 321 
found the highest contribution from vehicle emissions and gasoline evaporation in their 322 
studies. 323 
4. Conclusions 324 
Based on the findings reported, this study was able to provide answers to the following 325 
questions:  326 
(i) How do the VOC concentrations in these schools compare to schools elsewhere? 327 
 This study found that the trend of VOCs concentration was similar i.e. indoor concentrations 328 
were higher than outdoor, and the concentration levels were in general comparable to or 329 
higher than the limited number of studies reported in other countries. 330 
(ii) What modification of specific sources/activities would make the difference in indoor 331 
concentrations? 332 
Over 80% of indoor VOCs concentration was contributed from three sources including 333 
cleaning products, air fresheners and art and craft activities. Modifications on these sources 334 
such as (i) giving preference to natural products based cleaning agents (ii) stopping the use of 335 
airfreshners in classrooms and (iii) keeping drawing and painting products used in art and 336 
craft activities in a proper storage area/box separate from the classroom can reduce the indoor 337 
concentrations. 338 
 (iii) What measures can be taken with respect to the traffic impact? 339 
The outdoor traffic was found to have very negligible contribution (2%) in indoor  VOCs 340 
concentrations but the contribution of 70% on outdoor was from traffic related sources, so 341 
providing drop off/pick up area as far as possible from buildings and stopping the engine of 342 
18 
 
the vehicles while waiting can improve the situation outdoors. This is of importance, 343 
considering that children do spend a lot of time on outdoor school activities. When they are 344 
active, the inhalation rate increases and thus pollutant intakes. 345 
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Table S1: Characteristics of each school 548 
School Environment No. of 
students 
Floor type Electric 
heating 
Size of 
classroom(m2) 
Ventilation 
S01 Close to seaside 25 Carpeted No Not measured Windows/door 
S02 Close to busy 
roads 
27 Carpeted No Not measured Windows/door 
S03 City centre 24 Carpeted No Not measured Windows/door 
S04 close to busy 
roads 
20 Carpeted No 117.64 Windows/door 
S05 Close to busy 
roads 
22 Carpeted No 47 Windows/door 
S06 Close to busy 
roads 
23 Carpeted No 66 Windows/door 
S07 Close to busy 
road 
21 Carpeted No 40 Windows/door 
S08 Close to busy 
road 
18 Carpeted yes 120 Windows/door 
S09 Sub urban 22 Carpeted No 85 Windows/door 
S10 Sub urban 26 Carpeted No 40 Windows/door 
S11 Close to busy 
roads 
22 Carpeted No 125 Windows/door 
S12 Close to busy 
roads 
27 Carpeted No 95 Windows/door 
S13 Sub urban 26 Carpeted No 60 Windows/door 
S14 Sub urban 24 Carpeted No 70 Windows/door 
S15 Close to busy 
roads 
26 Carpeted No 80 Windows/door 
S16 Sub urban 23 Carpeted No 69 Windows/door 
S17 Close to busy 
roads 
29 Carpeted No 40 Windows/door 
S18 Sub urban 25 Carpeted No 120 Windows/door 
S19 Sub urban 25 Carpeted No 53 Windows/door 
S20 Close to busy 
road 
24 Carpeted No 110 Windows/door 
S21 Close to busy 
road 
22 Carpeted No 47 Windows/door 
S22 Sub urban 24 Carpeted No 120 Windows/door 
S23 City centre 24 Carpeted Yes 60 Windows/door 
S24 Sub urban 26 Carpeted No 60 Windows/door 
S25 Sub urban 24 carpeted No 45 Windows/door 
 549 
Table S2.  Thermal desorption GC/MS system 550 
Injector Automatic Thermal Desorption System TD 100, Markes Int. 
Carrier gas Helium 
Gas Chromatograph GC 7890; Agilent Technologies 
Column DB-5MS+DG (DG = DuraGuard), Agilent Technologies 
 Length / Diameter (Internal): 60 m / 0.25 mm 
 Film thickness: 0.25 µm 
 Properties: Non-Polar 
24 
 
Detector Mass Selective Detector 5975; Agilent Technologies  
 551 
Table S3: Meteorological and traffic characteristics for 25 schools 552 
School Temp(C) Humidity 
(%) 
Prominent wind 
direction 
Direction of 
main road 
Total traffic 
count(Vehicles/hr) 
(7 am to 5 pm) 
      
S01 25.8 63.7 WSW South 282 
S02 23.5 58.3 South East East 1418 
S03 23.8 55.0 North East Southwest 529 
S04 26.2 60.0 East West 954 
S05 26.3 54.1 West South 1096 
S06 18.5 67.9 West East 486 
S07 16.5 55.6 South  Northeast 1756 
S08 16.3 61.7 West Northwest 1106 
S09 16.7 57.0 W/SW North 1948 
S10 18.6 60.1 East West 2054 
S11 20.5 57.7 South East West 749 
S12 18.1 55.4 West South 318 
S13 23.9 56.8 South West 1054 
S14 24.4 62.9 South East East 264 
S15 28.2 48.5 North East West 1381 
S16 26.8 64.4 North North 89 
S17 22.3 59.9 South East East 1089 
S18 24.1 60.0 South East West 92 
S19 24.5 71.0 E/SE South 1609 
S20 22.8 67.4 South/SW East 2081 
S21 16.7 52.9 West West 264 
S22 17.7 50.2 West Northwest 685 
S23 17.5 54.1 South S/SE 1041 
25 
 
 553 
 554 
Table S4: Composition of the compound in air samples 555 
GROUP COMPOUNDS 
Aliphatic Hydrocarbons 2 methyl butane, 2 methyl pentane, 3 methyl pentane, hexane, 2- methyl hexane, 
3-methyl hexane, heptane, pentane , nonane, octane, C10, C11, C12, C13 
Aromatic Hydrocarbons toluene, benzene, m-,p- xylene, o- xylene, ethylbenzene, styrene 
Aldehydes and ketones decanal, nonanal, benzaldehyde, octanal, butanal, hexanal, acetone, acetophenone, 
cyclohexanone 
terpenes limonene, isoprene, α- pinene, β- pinene 
Cyclo- aliphatics Cyclohexane, methylcyclohexane, methylcyclopentane 
alcohols Ethanol, phenol, 2-ethyl 1- hexanol, 2 propanol, butanol, tert. butanol, 1,2- 
propendiol, isobutanol, nonanol 
Halogenated hydrocarbon dichloromethane, 1,2- dichloroethane, 1,2- dichloropropane 
Organic acid acetic acid, benzoic acid, heptanoic acid, butanoic acid, octanoic acid 
ester carboxylic acid ester, ethyl acetate, butyl acetate, 2-ethyl hexyl acetate 
others siloxanes, menthol, caprolactum, eucalyptol, dibutyl ether, methyl palmitae, 
hexamethyl tetramine, dioctypthalate, estragol, acetonitrile, carvone, butylglycol, 
napthalene 
 556 
 557 
S24 18.8 30.1 West North 262 
S25 19.0 56.6 South West S/SW 579 
26 
 
 S5: Boxplot for concentrations and I/O ratios for most common compounds558 
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Figure 1: Geometric mean concentrations of predominant compounds in outdoor air 560 
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Figure 2: Geometric mean concentrations of predominant compounds in indoor air 563 
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Figure 3: Indoor/outdoor of the common compounds in air samples 565 
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Table S6: PCA analysis of outdoor VOCs in schools 573 
 F1 F2 F3 F4 F5 
2-methyl butane 0.69     
2- methyl pentane  0.71    
3 -methylpentane  0.82    
hexane  0.95    
2- methyl hexane 0.99     
3- methyl hexane 0.96     
heptane 0.94     
methylcyclohexane 0.96     
toluene 0.93     
ethylbenzene      
m-,p- xylene   0.68   
o- xylene    0.85  
Benzene   0.85   
Benzaldehyde   0.60   
Acetone     0.90 
n- pentane  0.86    
% of variance 41.37% 17.46% 10.78% 8.12% 6.39 
Accumulative % 41.37% 58.84% 69.62% 77.75% 84.15% 
Source petrol 
vehicle 
exhaust 
fuel 
 evaporation 
Industrial 
sources 
Solvent 
usage 
Photochemical 
process 
Extraction Method: Principal Component Analysis. Rotation Method: Varimax rotation with Kaiser 574 
Normalisation. Rotation converged in 5 iterations. Only factor loadings >0.5 are presented. Bold font was used 575 
to highlight the main species in each factor (source). 576 
 577 
S7:  Description on Outdoor sources 578 
Factor 1 – Petrol Vehicle Exhaust: High factor loadings were found for light hydrocarbons, such as 2- methyl 579 
hexane, 3- methyl hexane, methylcyclohexane, heptanes and 2- methyl butane, along with toluene, which are 580 
indicative of emissions from cars with petrol engines. High concentrations of paraffin and toluene indicate a 581 
major contribution from petrol vehicle exhaust (Han and Naeher 2006, Liu et al., 2008a). This factor accounted 582 
for 41% of the data variance. 583 
Factor 2 - Fuel Evaporation (Petrol and Diesel): This factor accounted for high loadings of lighter pentane 2- 584 
methyl pentane, 3- methyl pentane, pentane and hexane. In addition to petrol exhaust, C3-C6 alkanes are also 585 
emitted from fuel evaporation (petrol, LPG/NG and diesel) (Geng et al., 2010). n- Pentane is known to be a 586 
tracer of petrol evaporation (Morikawa et al., 1998). This factor accounted for 18% of the data variance.  587 
Factor 3 – Industrial sources: High loadings of  xylenes (m-,p- xylene), benzene and benzaldehyde  indicated 588 
industries as a source of VOCs. It is of interest that benzene, a common tracer of vehicle exhaust, did not show 589 
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any correlation with other traffic related compounds and therefore, is expected to come from a different source. 590 
Benzene has also been reported to be emitted from industrial sources, such as shoe factories, printing factories, 591 
chemical plants and furniture manufacturers (Guo et al., 2004a, Liu et al., 2008a, Liu et al., 2008b). There were 592 
no large factories or any industrial activities close to the sampling site, so it points out to benzene from a longer 593 
distance as a source at these sites. This factor accounted for 11% of the data variance. 594 
Factor 4 – Solvent usage:. O- xylene  was present in this factor.This is one of the constituents of paints and have 595 
also been associated with solvent use (Guo et al., 2004a). In an urban area like Brisbane, new buildings and 596 
commercial facilities are being built all the time and the use of large amounts of paint could be an important 597 
source of VOCs. This factor accounted for 8% of the data variance.  598 
 599 
Factor 5 –Photochemical process:  High loading of acetone was found in this factor. Acetone is produced in the 600 
atmosphere by photochemical processes involved in VOC formation. It is released as a secondary product of the 601 
oxidation of non-methane hydrocarbon (NHMC) and has a long residence time in atmosphere, of about one 602 
month (Atkinson 2000, Vlasenko et al., 2009). This factor accounted for 6% of the data variance 603 
Table S8: PCA analysis for indoor VOCs in schools 604 
 F1 F2 F3 F4 F5 F6 F7 
2-methyl butane 0.78       
2- methylpentane 0.98       
3- methyl pentane 0.96       
hexane 0.61       
3- methyl hexane 0.97       
heptane 0.95       
methylcyclohexane        
toluene 0.95       
Benzaldehyde  0.91      
limonene       0.93 
 Nonanal   0.63     
2-ethyl 1- hexanol   0.90     
m,p – xylene  0.91      
acetic acid     0.85   
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Siloxanes    0.78    
Phenol   0.77     
o- xylene  0.89      
α- pinene  0.94      
Acetone    0.56    
decanal      0.97  
Styrene   0.58     
% of variance 29.02 18.72 14.59 9.0 5.91 5.29 5.0 
Accumulative % 29.02 47.74 62.34 71.34 77.26 82.56 87.56 
Source Outdoor 
traffic 
emission 
Off- 
gassing of 
building 
materials 
and 
stationaries 
Decorating 
materials 
and 
computers, 
printers 
Personal 
care 
product 
Art and 
craft 
activities 
air 
fresheners 
Cleaning 
products 
Extraction Method: Principal Component Analysis. Rotation Method: Varimax rotation with Kaiser 605 
Normalisation. Rotation converged in 5 iterations. Only factor loadings >0.5 are presented. The bold font used 606 
highlights the main species in each factor (source). 607 
 608 
S9: Description on Indoor sources 609 
Factor 1 - Outdoor Traffic Emissions: This factor showed high loadings of alkanes, such as 2-methyl butane, 2- 610 
methyl pentane, 3- methyl pentane, hexane, 2- methyl hexane, 3- methyl hexane, heptane, methyl cyclohexane 611 
and toluene. It has been reported that the possible sources of aliphatics are building materials, building products 612 
and equipment, and outdoor air (Etkin, 1996; Health Canada, 1995). In this study, it was found that the outdoor 613 
concentration of these aliphatic hydrocarbons were much higher than indoor concentrations and the I/O ratios 614 
for these compounds varied from 0.1- 0.5, which is much less than 1. These VOCs could have penetrated inside 615 
from outdoor air at the time of measurements or they could have accumulated inside the classroom over a period 616 
of time. This indicates the dominant  contribution from outdoor sources to the indoor concentration of these 617 
compounds. This factor accounted for 29% of the data variance. 618 
Factor 2 - Off-gassing of building materials and stationaries: High loadings were found for α- pinene, 619 
benzaldehyde, m-,p- ,o-xylene . Weisel et al., (2005) stated that α- pinene appeared to be primarily generated 620 
indoors, from sources such as the off-gassing of building materials. Hodgson et al. (2000) reported that α,β- 621 
pinene, formaldehyde) belonged to predominant VOCs emitted by plywood. m-,p-,o-xylenes  are widely used as  622 
solvent, particularly in pens/inks and coatings (DSEWPC, 2001). Xylenes also result from the evaporation of 623 
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paints used in indoor environments (Hodgson and Wooley, 1992). This factor accounted for 19% of the data 624 
variance. 625 
Factor 3 – Decorating materials and computer, printers:  2-ethyl 1- hexanol, phenol, nonanal, styrene were the 626 
compounds with ahigh loadings  in this factor. Literature on indoor emissions of these compounds was 627 
summarized concisely by Wolkoff (1995). 2- ethyl 1- hexanol is a reaction product  of vinyl and carpet glue 628 
probably from ethylhexylacrylate (Wolkoff, 1995). Edwards et al. (2001) reported a similar result in their study 629 
on the source identification of VOCs in different microenvironments in Finland. It has been reported that styrene 630 
is produced in indoor air from equipment such as printers (Kagi et al., 2007), computers and photocopiers where 631 
as  the  source of styrene from laser printers was found to be the toner and paper. This factor accounted for 15% 632 
of the data variance. 633 
Factor 4 – Personal care products:  This factor was dominated by siloxanes and acetone. Siloxanes are widely 634 
used in personal care products, including antiperspirants and deodorants (Bernstein et al., 2008).  Acetone is 635 
also used as one of the ingredients in such products. Sunscreen, hair oil/ shampoo, body powders are most likely 636 
to be used by children. This factor accounted for 9% of the data variance . 637 
Factor 5 - Art and craft activities:  Acetic acid  was the dominant compound  in this factor. Colak and Colakoglu 638 
(2004) reported that wood products and wood based materials were responsible for the elevated level of acetic 639 
acid.  Acetic acid is also used as in adhesive removers and paint thinner. Although these compounds can be 640 
released from other sources, paints and adhesives (paste or glue), as well as small wooden blocks, were used 641 
extensively in the art and craft activities conducted in the classrooms and therefore, it is reasonable to assign this 642 
factor to art and craft activities in this study. This factor accounted for 6% of the data variance. 643 
Factor 6 - Air fresheners:  decanal was the only compound in this factor.  It is found that  decanal  is one of the   644 
ingredients  used in air fresheners (Pluschke 2004, Fukuda et al., 2010). This factor accounted for 5% of the data 645 
variance. 646 
 647 
Factor 7 - Cleaning products: Limonene is the sole compound in this factor.  It is an active ingredient in cleaning 648 
products (Nazaroff and Weschler, 2004) and is released in indoor air from different types of cleaning products, 649 
such as all-purpose cleaner, glass and surface cleaner, antibacterial glass and surface cleaner, lemon fresh and 650 
antibacterial sprays, and floor shine cleaner (Zhu et al., 2001). This PCA result for limonene is similar to the 651 
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PCA study on VOCs in an office building in Thailand, in which a component based solely on limonene was 652 
observed (Ongwandee et al., 2011). This factor accounted for 5% of the data variance. 653 
 654 
 655 
 656 
